ABSTRACT: A mechanistic growth model was used to evaluate the mean yield and yield variability of grapevine Vjtis vinifera L. under current and future climates. The model used was previously validated using field experiment data. The effect of elevated CO2 on grapevine growth was also considered. Adaptation of 2 varieties (Sangiovese and Cabernet Sauvignon) to scenarios of increased CO2 and climate change, and potential changes in agricultural risk (i.e. inter-seasonal variability), were examined. Before testing the effect of climate scenarios, we analysed the sensitivity of modelled grapevine yield to arbitrary changes in the 3 driving variables (temperature, solar radiation and COz). The results showed the model to be more sensitive to changes in CO2 concentration and temperature than to changes in radiation. Analyses made using transient GCM (general circulation model) scenarios (UKTR and GFDL) showed different changes in mean fruit dry matter for the different scenarios, whereas mean total dry matter, and fruit and total dry matter variability, were predicted to increase under almost all the scenarios. Predictions based on equilibrium scenarios (UKLO and UKHI) gave similar results. For Sangiovese, vancty adaptation analysis suggested a better adaptation in terms of mean production, but a worse adaptation in terms of yield variab~l~ty.
INTRODUCTION
Grapevine (Vitis vinifera L.) is a woody perennial plant that reaches reproductive maturity in 4 to 5 yr, and may remain economically productive for 50 to 60 yr. Budbreak occurs annually over a characteristic range of variety-specific dates (from March to April) and is followed by a period of intensive vegetative growth during which the shoots arising from the buds elongate and produce leaves very rapidly. Vegetative growth usually slows when flowering of the 1 to 3 clusters on each shoot begins. Relative earliness or lateness of budbreak for a variety depends upon weather patterns. The number of viable fruits (berries) that continue development is determined shortly after flowering, at which time the maturing fruit clusters become the primary sinks for photosynthate. Ripening fruits undergo 2 growth phases: (1) seed development and the building of the hard, green berry structure and (2) sugar accumulation, colour change, and rapid enlargement, the start of which is called veraison. Full maturity, depending upon the variety and the site, is typically reached during August to September in the Northern Hemisphere.
Growth and development of grapevine are influenced by environmental factors such a s temperature and radiation, which make this crop sensitive to climate change. However, photosynthesis and growth are also stimulated by increasing CO2 concentration (Kimball et al. 1993 , Rogers & Dahlman 1993 and such a n increase may result in greater accumulation of fruit and total biomass.
Preliminary studies on the effects of climate change on shifts in the areas suitable for grapevine growth have been carried out coupling the information from general circulation models (GCMs), or historical datasets, with current knowledge about the environmental constraints that delimit the areas of grapevine cultivation (Kenny & Harrison 1992 , Orlandini et al. 1993 . For more detailed predictions on growth and yield of grapevine (as well as of other crops) under climate change, determinishc simula.tion models are used (see Kenny et al. 1993 and Harrison et al. 1995 for reviews) . Models provide tools that allow us to use the hypotheses generated from experimental studies to simulate plant responses to novel climatic conditions, in order to understand the major climate change effects and to define appropriate measures for dealing with such changes.
To date, no predictions are available on potential changes in mean yield and yield variability of grapevine resulting from global environmental change. In this study, the effects of increasing CO2 concentration, and of changes in temperature and radiation, on yield of grapevine were simulated with a simple mechanistic crop growth model. Field data obtained from a Free Air Carbon diox- A simplified approach, recently used to study the influence of environmental parameters on the growth and yield of several crop types-soybean (Spaeth et al. 198?) , maize (Muchow et al. 1990) , and wheat (Amir & Sinclair 2991)-was used to develop a simple mechanistic model of grapevine crop growth (Bindi et al. 1995a ). In this model, relatively few relationships are required to describe the development, growth and yield of grapevine ( Fig. 1 ; symbols used in the model are defined in Table 1 ). The major processes simulated are the following:
Ontogeny. Crop ontogeny is divided in 2 periods: the development period between budbreak and bloom and the fruit growth period between bloom and maturity. The duration of the period between budbreak and ~I @ = B 1 0 + PfIO bloom is calculated assuming that bloom occurs when a fixed number of leaves ( l ? ) have appeared on the main shoot (Coombe 1988) . Using this approach, the duration mainly depends on the rate of leaf appearance which is, in turn, a function of temperature and crop ontogeny (Miglietta et al. 1992) . The duration of the period between bloom and maturity (MAT) is assumed to be strictly temperature-dependent and, accordingly, it is calculated using accumulated degree days (SDUR, Fig. 1 ). This period is divided into 2 subphases which are the period between bloom and the beginning of active frult growth and the perlod in which fruits are actively growing.
Leaf area. Leaf area is estimated on the basis of the total number of actively growing shoots per unit area and the rate of leaf appearance and expansion. The rate of leaf appearance is calculated using a model proposed by Miglietta et al. (1992) . This model calculates the daily rate of leaf formation and emission (RLF) after budbreak on the basis of the mean daily temperature, assuming that the rate of leaf appearance declines during ontogeny (Fig 1) . The leaf area growth (SLA) is then estimated as a function of the total number of emerged leaves using an empirical relationship similar to those found for other crops (wheat, barley, etc.) (Fig. 1) . canopy so that crop biomass accumulation (PHO) can be calculated on the basis of crop radiation use efficiency (RUE, biomass accumulated per unit solar radiation intercepted) (Fig. 1) . Moreover, following the approach used in other simulation models (Ritchie & Otter 1984 , van Keulen & Seligman 1987 ) the effect of low and high temperature on carbon uptake is introduced in the form of a second order function decreasing RUE for suboptimal temperature (Fig. 1) .
Biomass accun~ulation.
Fruit growth. Daily fruit growth rate is calculated assuming that the fruit biomass index (FBI) increases linearly during fruit growth (Fig. 1 ). This index is calculated as the ratio of fruit dry weight (i.e. berries) to the current year's growing total biomass dry weight (i.e. leaves, stems, grape-stalks and berries). A linear relationship between the ratio of seed to total aboveground biomass (harvest index) and time has already been observed for several species (Spaeth et al. 1987 , Muchow et al. 1990 , Amir & Sinclair 1991 ). Grapevine did not provide an exception to this even when fruit, rather than seed biomass, was considered (Bindi et al. 1995a) .
The model was recently calibrated and validated for 2 grapevine varieties (Sangiovese and Cabernet Sauvignon) using data from field trials conducted from 1992 to 1994 in the central Italian region of Chianti (Bindi et al. 1995a ). In these field experiments growth and final yield were recorded; field data from the first season were used to calibrate the model and those from the remaining 2 seasons for validation. The model accurately predicted total biomass and fruit accumulation in both years (Fig. 2,  Table 2 ).
CO2 effects
A recent experiment conducted using a sophisticated fumigation technology (Bindi et al. 1995b) showed that elevated atmospheric CO2 levels had a positive effect on grapevine growth. Such an effect was reflected by an (UKLO, UKHI) and transient scenarios (UKTR and GFDL). For the transient sceoverall increase in the ratio of intercepted radiation to narios 2 different model decades were used. For the biomass accumulation (RUE). Accordingly, increased UKTR scenario these were decades 31-40 and 66-75, RUE was used to take the CO2 effect on growth into and for GFDL decades 25-34 and 55-64. For the UKLO account. Assuming that RUE increased linearly (0.1 % and GFDL scenarios the baseline variability in temperappmv-') with increasing atmospheric CO2 concentrature was retained in the scenario data, whereas for the tion ([CO2]), RUE values for climate change scenarios UKHI and UKTR6675 scenarios both the baseline variwere calculated as: ability and variability calculated from the GCM experiments were used. The scenarios with changed variabil-
ity are denoted with a small 'v' in the scenario name (e.g. where a is a constant, 0.001 ppmv-l.
UKHIv). The atmospheric CO2 concentration was set to None of the other model parameters was considered to 353 ppmv for the baseline climate, and to 560 ppmv for be substantially affected by elevated C02concentrations.
the equilibrium GCM scenarios. The CO2 concentration of the first and second transient model decades was set to 454 and 617 ppmv, respectively, corresponding to the 2.3. Model experiments IPCC IS92a emission scenario. The emission scenario is denoted with a small 'a' in the scenario name (e.g. The effects of cli.mate change on potential grapevine GFDL5564a). Details of the construction of site-specific production were studied at the northern Italian site of scenarios are given in Barrow et al. (1995) .
For both these analyses the direct effect of increasing atmospheric CO, concentration on the CO, assimilation and growth of grapevine was incorporated.
Based on experimental observations (Calo' 1970 ) the onset of the growing season was held constant across years at 13 April [day of year (DOY) 1031 in the sensitivity analysis, whereas in the scenario experiments the onset of the growing season was assumed to be variable, so as to take into account temperature increases which could favour an earlier budbreak. In the latter case, according to the results of a recent study performed for evaluating the reliability of different bio-climatic indicators (such as degree days, cumulative maximum temperature, cumulative radiation and cun~ulative temperature difference) for the prediction of the onset of the growing season (Bindi et al. 1995a) , the date of budbreak was calculated as a function of cumulative temperature differences (CTD) from 1 January. Based on this criterion, budbreak took place when CTD reached 895°C for CV. Sangiovese and 993°C for CV. Cabernet Sauvignon, respectively. All other parameters defining crop characteristics were held constant (Bindi et al. 1995a ).
The following output variables from the model were compared: duration of development phases (in days), fruit dry matter (t ha"), total dry matter from the current year's growth (t ha-'), and their coefficient of variations (CV, ?h). For each output variable, reported values are the mean results of 31 yr of crop growth simulations. Moreover, for a more detailed analysis of year-to-year variability, simulation results for the various scenarios were plotted as cumulative distribution plots (CDP). The CDP for these data were obtained by graphing the number of years exceeding a fruit production level against fruit production (Sinclair & Rawlins 1993). As production increases on the abscissa in the plots, the number of years exceeding that yield level declines. At very low levels of fruit production all years exceeded the production on the abscissa, while at very high levels few, if any, years exceeded the production on the abscissa. Consequently, the CDP has a negative slope, with a less steep negative slope indicating greater variability in yield among years. A constant slope with a shift to the right or left indicates that mean yield has changed while yield variability has remained unchanged.
RESULTS

Sensitivity analyses
Simulated mean dry matter of fruit and total biomass for the baseline response were 6.62 t ha-' and 15.09 t ha-', respectively (Table 3 ). The simulated CV for the 31 yr penod was 12.11 % for fruit and 12.37 % for total dry matter ( Table 3) . As expected the model predicted a positive and almost Linear response of fruit and total dry matter to an increase in CO2 concentration from 350 to 700 ppmv (Table 3) with about a 36 % increase in fruit dry matter and a 34 % increase in total dry matter. The CV of fruit and total dry matter remained almost unchanged (Table 3 ) and the predicted CV for total dry matter was always lower than that for fruit dry matter.
The model predicted that increased temperatures substantially reduced fruit and total dry matter (Fig. 3A) . CV for both fruit and total dry matter increased with temperature, with the CV of fruit dry matter being larger than that for total dry matter (Fig. 3B) . This is expected, as an increase in temperature shortens the duration of the growing season and, in particular, the duration of ripening. However, warmer temperatures early in the season lead to both an earlier and faster increase in leaf area, with a positive effect on biomass accumulation; these also cause a shift in development so that the same growth phases occur in different radiation regimes. This would have either positive or negative effects on yield if, all other things being equal, the ripenlng penod coincided with a period of high or low radiation input.
The response of the model to %20% changes in the amount of daily radiation was positive and almost linear (Table 3) , with changes in radiation having a more marked effect on total dry matter than on final fruit yield. Increasing radiation did not lead to changes in CV of either component (Table 3 ). Taking into account that the change in amount of radiation predicted by future scenarios is about 6 % (see Fig. 6B ), it can be concluded that this change will have a small impact on grapevine yields under a greenhouse climate. Tables 4 & 5 ). The variability of these means was greater for CV. Cabernet S. than for CV. Sangiovese. The CV of the time from budbreak to maturity was 4 . 7 % for CV. Sangiovese compared with 5.9% for CV. Cabernet S., whereas the CV of fruit dry matter was 5.8% and 11 "/o for CV. Sangiovese and Cabernet S., respectively ( Tables 4 & 5) .
Equilibrium scenarios
The large increase in temperature in both equilibrium scenarios decreased the growth phase durations of both varieties compared with the baseline climate (Tables 4 & 5, Figs. 4 & 5: Scenarios 2 to 4). The greatest reductions (of 19% and 21 % for Sangiovese and Cabernet S., respectively) in the mean duration from budbreak to maturity were for the UKHI scenarios (Fig. 4) and were associated with the larger temperature changes predicted in these scenarios compared with UKLO (Fig. 6A) . In general, the variability of crop durations was smaller for both varieties in future scenarios compared with that of baseline durations (Figs. 4 & 5) . These changes in variability were greater for CV. Cabernet S. in almost all equilibrium scenarios (Figs. 4 & 5) .
The shorter crop durations with all scenarios resulted in a 11-17% and 21-29% reduction of fruit dry matter for CV. Sangiovese and CV. Cabernet S., respectively (Fig. 7) . However, total dry matter was greater compared with the baseline in both varieties (Fig. 8) . This was due to the fact that shorter crop duration was more than compensated for by the positive effect of increased CO2 concentration and solar radiation pattern (Fig. 6B) in terms of total biomass accumulation, though not in terms of fruit accumulation. This different behaviour of the 2 components is essentially associated with the reduction of final FBI under future climate scenarios (Fig. 9) caused by shorter fruit growth periods (Fig. 5) . The variability of mean fruit and total dry matter increased in almost all scenarios, and was greater for CV. Sangiovese than CV. Cabernet S. (Figs. 7 & 8) . . Despite this reduction in phase duration, CO2 effects caused an increase in total dry matter in all scenarios with respect to baseline (Fig. 8) . In particular, CO2 effects did compensate, in half of the scenarios (Fig. ? ), for the shorter fruit ripening time (Fig. 5 ) and the reduced final FBI under increased temperatures (Fig. 9) . The variability in growth components was always higher than the baseline for CV. Sangiovese, with only 1 exception (Figs. 7 & 8) ; there were no consistent 
DISCUSSION AND CONCLUSIONS
It is evident that the predicted effect of climate change on mean yield and yield variability of grapevine strongly depended on the GCM selected, the variety chosen and the introduction of changes in climatic variability. In particular, if we consider scenarios with the 'same CO2 emission' (Scenarios 5 and 8, and Scenarios 6 and 9) obtained from different GCMs we can observe that: (1) with GFDL scenarios the mean fruit dry matter was higher than in the baseline climate (Table 6a) ; and (2) no consistent changes in mean fruit dry matter were predicted with UKTR (Table 6a ). Such a difference is obviously associated with the larger temperature changes predicted by the UKTR scenanos than by the GFDL scenarios (Fig. 6) . But when yield variability is taken into account both GCMs predicted consistent increases (Table 6a) .
Comparison between varieties showed that different mean yield and yield variability. Sangiovese showed a adaptations to climate change may occur in terms of better adaptation in terms of mean yield (increase in Climate scenarios mean fruit dry matter), but a worse adaptation in terms of yield variability (increase in CV) ( Table 6b ). The effect of changes in climatic variability on yield and yield variability was clearly evident for both equilibrium and transient scenarios (Table 6c ). Detailed examination of cumulative distributions of fruit yield for scenarios with and without changes in variability of weather sequences ( Fig. 10 ; Scenarios 2-3 and 6-7) Climate scenarios showed that a change in the variability of weather sequences did not substantially affect the average yield values (little shift in CDP), but substantially affected the variability of yield (less negative slope). This was due to an increase in both years with high yields and years with poor yields. Overall, simulations did not provide a conclusive answer to the question of whether the potential negative effects of the warmer temperatures predicted by the climate change scenarios will be compensated for by CO2-fertilization effects under climate change. However, these highlighted the fact that year-to-year variability in grapevine yields, either with or without changes in climatic variability, will increase in response to global environmental change. The difference between very high yields achievable in good years under increased atmospheric CO2 concentrations and lower yields in bad years will be larger than at present. Such an increase in yield variability would neither guarantee the quality of wine in good years nor meet the demand for wine in poor years, thus implying a higher economic risk for growers. Since this substantial increase in yield variability is not likely to be restricted to grapevine (Kenny et al. 1993 , Harrison et al. 1995 we may already predict that world-wide efforts to stabilise food supplies will be required in the future.
